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Summary
Background: Proteins are exported from the ER at
transitional ER (tER) sites, which produce COPII vesi-
cles. However, little is known about how COPII compo-
nents are concentrated at tER sites. The budding yeast
Pichia pastoris contains discrete tER sites and is, there-
fore, an ideal system for studying tER organization.
Results: We show that the integrity of tER sites in
P. pastoris requires the peripheral membrane protein
Sec16. P. pastoris Sec16 is an order of magnitude less
abundant than a COPII-coat protein at tER sites and
seems to show a saturable association with these sites.
A temperature-sensitive mutation in Sec16 causes tER
fragmentation at elevated temperature. This effect is
specific because when COPII assembly is inhibited
with a dominant-negative form of the Sar1 GTPase, tER
sites remain intact. The tER fragmentation in the sec16
mutant is accompanied by disruption of Golgi stacks.
Conclusions: Our data suggest that Sec16 helps to or-
ganize patches of COPII-coat proteins into clusters that
represent tER sites. The Golgi disruption that occurs in
the sec16 mutant provides evidence that Golgi struc-
ture in budding yeasts depends on tER organization.
Introduction
tER sites are ER subdomains, approximately 0.5 m in
diameter, that are depleted of bound ribosomes and
enriched in COPII-coat proteins [1, 2]. These sites func-
tion as exit portals for secretory traffic. tER-localized
COPII proteins drive the formation of small vesicles [3]
and may also help to generate larger polymorphic
transport carriers [4]. Extensive studies have illumi-
nated the mechanisms of COPII-coat polymerization
and cargo packaging [5]. The first step in COPII-vesicle
assembly is catalyzed by Sec12, a transmembrane
guanine nucleotide exchange factor that recruits the
GTPase Sar1 to the ER membrane. Activated Sar1 then
recruits the Sec23/24 coat complex, which in turn re-
cruits the Sec13/31 complex. COPII-vesicle assembly
also involves biosynthetic cargo proteins, transmem-
brane cargo receptors, and the integral membrane pro-
tein Yip1 [5, 6].
A mammalian cell has several hundred tER sites,*Correspondence: bsglick@midway.uchicago.edu
1Present address: Department of Microbiology, 32 Pearson Hall,
Miami University, Oxford, Ohio 45056.whereas some unicellular eukaryotes have only one or
a few tER sites [2, 7, 8]. Individual tER sites are long-
lived but dynamic structures [7, 9, 10]. Specific mecha-
nisms must exist to create and maintain tER sites as
specialized subdomains within the ribosome-studded
rough ER. Therefore, a molecular dissection of tER sites
will help to establish paradigms for the general phe-
nomenon of membrane subdomain formation [11].
Another reason to study tER sites is to elucidate the
pathways of Golgi biogenesis. Although mammalian
tER sites are often found in regions of the cell distant
from the juxtanuclear Golgi ribbon [2, 7], tER sites in
many other eukaryotes are apposed to Golgi stacks [8,
12, 13]. Even in mammalian cells, many of the tER sites
are located near Golgi stacks, and this association is
enhanced by disrupting the microtubule network [7,
14]. The intimate link between the tER and the Golgi
can be understood in light of the cisternal maturation
model, which proposes that the assembly of new Golgi
cisternae is nucleated by the homotypic fusion of tER-
derived COPII vesicles [15, 16].
To study tER-site formation and the tER-Golgi rela-
tionship, we are using the budding yeasts Pichia pas-
toris and Saccharomyces cerevisiae. P. pastoris resem-
bles most other eukaryotes in having stacked Golgi
cisternae next to discrete tER sites [8, 17, 18]. By con-
trast, S. cerevisiae has nonstacked Golgi cisternae and
lacks discrete tER sites [8, 19]. We have proposed that
the tER sites in P. pastoris generate new Golgi cister-
nae at fixed locations to yield Golgi stacks, whereas the
delocalized tER in S. cerevisiae generates new Golgi
cisternae at varying locations to yield a fragmented
Golgi [8].
tER and Golgi biogenesis in P. pastoris can be ob-
served by video microscopy. Confocal imaging re-
vealed that tER sites form de novo and then undergo
various transformations including growth, fusion, and
shrinkage [9, 10]. These findings support a model of
tER sites as self-organizing protein patches that are
generated by multiple weak, cooperative interactions.
Golgi stacks in P. pastoris form de novo near new tER
sites, suggesting that Golgi biogenesis may also occur
by self-organization [15]. A complementary experimen-
tal approach has focused on analyzing how COPII com-
ponents such as Sec12 are concentrated at tER sites
[20]. The results indicate that the cytosolic domain of
P. pastoris Sec12 binds to a tER-localized scaffold. De-
localizing Sec12 to the general ER did not disrupt tER
sites, implying that the tER scaffold also recruits COPII
proteins that are downstream of Sec12.
Here, we have used a genetic screen to identify com-
ponents that influence tER organization in P. pastoris.
This approach led us to the peripheral ER membrane
protein Sec16. S. cerevisiae Sec16 is a large, multido-
main protein that has an essential but still mysterious
function in ER-to-Golgi transport [21] and that binds to
various COPII pathway components including Sec23,
Sec24, Sec31, and the Sec12 homolog Sed4 [22–24].
There is also evidence for an interaction of Sec16 with
Sar1, and a recent study implicated Sec16 in prevent-
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when Sar1 hydrolyzes its bound GTP [25]. Our data in-
dicate that Sec16 has an additional role in organizing
tER sites.
Results
We performed genetic screens with a P. pastoris strain
in which the chromosomal SEC13 gene had been re-
placed with SEC13-GFP to label tER sites [9]. A pilot
screen employing insertional mutagenesis uncovered
no clones with altered tER patterns (B. Bevis, personal
communication). Therefore, we screened temperature-
sensitive mutants obtained by chemical mutagenesis.
Mutant clones were examined by fluorescence micros-
copy after a 2-hr shift to 36.5°C, which is the highest
temperature that supports growth of wild-type P. pas-
toris cells. One mutant, termed dot1, exhibited a severe
disruption of the COPII pattern as visualized with
Sec13-GFP. Whereas two to six distinct tER sites were
visible in wild-type cells shifted to 36.5°C (Figure 1 and
Figure S1 available with this article online) or in wild-
type or dot1 cells grown at 23°C (data not shown), dot1
cells shifted to 36.5°C contained numerous small fluo-
rescent spots (Figure 1 and Figure S1). This fluorescence
pattern in dot1 cells at 36.5°C was nearly as fragmented
as the Sec13-GFP pattern seen in S. cerevisiae [8].
To confirm that the tER disruption in dot1 cells was
a general phenomenon rather than a specific effect on
Sec13-GFP, we examined the transmembrane protein
Sec12. The endogenous copy of SEC12 in wild-type
and dot1 cells was replaced with the SEC12-GG allele,
which encodes a GluGlu epitope-tagged Sec12 protein
[20]. Immunofluorescence revealed that in wild-type
cells, Sec12-GG colocalized with Sec13-GFP at tER
sites [8], whereas in dot1 cells shifted to 36.5°C, a large
fraction of the Sec12-GG exhibited nuclear envelope
and cortical staining indicative of distribution through-
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tFigure 1. dot1 Mutant Cells Have Disrupted
tER Sites at 36.5°C
P. pastoris cells were grown at 23°C and
shifted to 36.5°C for 2 hr before fixation.
Shown are representative micrographs of
SEC13-GFP SEC12-GG cells carrying either
wild-type SEC16 (“Wild-Type”) or the sec16-
P1092L allele (“dot1”). Cells were processed
for immunofluorescence to visualize Sec12-
GG (red) together with Sec13-GFP (green).
The panels on the right show the combined
fluorescence images merged with differential
interference contrast (DIC) images. Bar, 2 m.ut the general ER (Figure 1). Thus, dot1 cells at 36.5°C
xhibit a general breakdown in tER organization.
he dot1 Mutation Lies in SEC16
ackcrossing the dot1 mutant revealed that the tem-
erature sensitivity and tER-disruption phenotypes co-
egregated as a single recessive mutation (data not
hown). In an attempt to clone the gene that had been
utated, we transformed dot1 cells with a P. pastoris
enomic library. This approach yielded 12 transfor-
ants that grew at the restrictive temperature (Figure
A). Surprisingly, these transformants still had abnor-
al tER patterns (see Supplemental Experimental Pro-
edures), and all of the corresponding plasmids con-
ained the SEC13 gene. Sequencing revealed that the
EC13-GFP allele in the dot1 strain had not been mu-
ated. These findings indicate that the wild-type SEC13
ene was partially suppressing rather than comple-
enting the dot1 mutation. In other words, the SEC13-
FP allele appears to be synthetically lethal at elevated
emperature with dot1. Consistent with this idea,
rowth of the parental SEC13-GFP strain at elevated
emperature was enhanced by adding a copy of SEC13
Figure 2A) but not by adding a second copy of SEC13-
FP (data not shown), suggesting that the SEC13-GFP
llele is partially defective. We conclude that the locus
hat is mutated in dot1 cells interacts genetically with
EC13.
In S. cerevisiae, SEC13 interacts with other COPII-
athway genes, including SEC12, SEC16, and SEC23
26]. It seemed unlikely that the dot1 mutation was in
EC12 because delocalizing P. pastoris Sec12 to the
eneral ER does not disrupt tER sites [20]. Indeed, the
EC12 gene in the dot1 strain contained no mutations.
P. pastoris SEC16 had not previously been identified,
ut a draft genome sequence contained two contigs
ith homology to S. cerevisiae SEC16. We sequenced
he entire P. pastoris SEC16 gene, which encodes a
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(A) The dot1 mutation interacts genetically with the partially de-
fective SEC13-GFP allele. A SEC13-GFP dot1 strain and the paren-
tal SEC13-GFP strain were transformed either with an empty vector
(lower left, upper right) or with a vector carrying the SEC13 gene
(upper left, lower right). These strains were incubated on selective
plates at 36.5°C for 4 days.
(B) This schematic compares the Sec16 proteins from P. pastoris
and S. cerevisiae. The thin bar is a spacer to facilitate the align-
ment. Shaded in gray is the “central conserved domain” of Sec16
(residues 1044–1459 in P. pastoris and 992–1420 in S. cerevisiae),
which has homology to putative Sec16 proteins from other eukary-
otes. The asterisks mark either the dot1 mutation or the region de-
limited by the four mapped temperature-sensitive mutations in
S. cerevisiae Sec16 (see Figure S2). “Q” represents 13 nearly per-
fect repeats of the glutamine-rich sequence QQQQVQPPPV. Out-
side of the central conserved domain, the only strong homology
between these two Sec16 proteins is the C-terminal region
(hatched; residues 2392–2550 in P. pastoris and 2023–2195 in
S. cerevisiae), which also has limited homology to C-terminal re-
gions of other eukaryotic Sec16 proteins.predicted protein ofw281 kDa. As in S. cerevisiae [21],
P. pastoris SEC16 is an essential gene (see Experimen-
tal Procedures). Figure 2B is a schematic comparison
of the Sec16 proteins from P. pastoris and S. cerevisiae.
A “central conserved domain” (gray) shows clear sim-
ilarity between these two proteins and also has detect-
able homology with putative Sec16 proteins from other
fungi and from higher eukaryotes. In addition, the C-ter-
minal regions (hatched) of the two yeast Sec16 proteins
are similar.
Sequencing of SEC16 from the wild-type and dot1
strains revealed a point mutation in the dot1 strain that
changed codon 1092 from CCT (Pro) to CTT (Leu). The
affected proline is part of a short sequence (FPGPL)
that is strongly conserved in Sec16 homologs (Figure
S2 and data not shown). Pro-1092 is within the central
conserved domain of P. pastoris Sec16, and the four
known temperature-sensitive mutations in S. cerevisiaeSec16 [21] also lie within the central conserved domain.
Thus, the P1092L mutation in P. pastoris SEC16 was a
good candidate for the dot1 mutation.
To confirm that dot1 was an allele of SEC16, we ini-
tially tried to complement the dot1mutation with a wild-
type copy of SEC16. However, attempts to clone the
P. pastoris SEC16 gene in bacterial plasmids were un-
successful, suggesting that the full-length gene is toxic
to E. coli. This effect explains why SEC16 was not iden-
tified in our experiments with the P. pastoris genomic
library. We circumvented this problem by using co-
transformation [27] to modify the SEC16 locus. The
dot1 phenotypes could be rescued by reverting the
sec16-P1092L mutation, and the dot1 phenotypes
could be induced in the parental strain by introducing
the sec16-P1092L mutation. Therefore, the altered tER
pattern in dot1 cells is due to the sec16-P1092L allele,
hereafter referred to as sec16.
Sec16 Is Less Abundant at tER Sites Than Sec13
S. cerevisiae Sec16 interacts biochemically with COPII
components [23–25], so we predicted that it would co-
localize in vivo with Sec13. This prediction was tested
by fusing YFP to the C terminus of Sec16 in cells that
also contained Sec13-CFP. P. pastoris Sec16-YFP
showed essentially complete overlap with Sec13-CFP
in a typical tER pattern (Figure 3A). Similarly, in agree-
ment with a high-throughput study [28], S. cerevisiae
Sec16-YFP overlapped strongly with Sec13-CFP in
multiple small puncta (Figure 3A) that may represent
individual COPII vesicles [8] (data not shown). These
results are consistent with a direct influence of Sec16
on tER organization.
Sec13-GFP consistently gave a stronger punctate
fluorescence signal than Sec16-GFP, indicating that
Sec16 is less abundant than Sec13 at tER sites. To
quantify this observation, we measured the average
tER site fluorescence from P. pastoris cells that con-
tained either Sec13-GFP or Sec16-GFP. As a control,
comparing cells with a single- or a double-GFP tag on
Sec16 confirmed that the double-GFP-tagged cells had
2-fold higher tER site fluorescence than the single-
GFP-tagged cells (Figure 3B, left). Cells containing a
single-GFP tag on Sec13 had slightly more than 4-fold
higher tER site fluorescence than cells containing a
double-GFP tag on Sec16. Assuming that the GFP tags
did not significantly alter protein abundance or localiza-
tion, these data imply that for every molecule of Sec16
at tER sites, there are about 8.5 molecules of Sec13
(Figure 3B, right).
If the ratio of Sec16 to COPII-coat proteins is impor-
tant for tER organization, a possible cause of the tER
fragmentation in the sec16 mutant would be degrada-
tion of the abnormal Sec16 protein. To test this idea,
we fused GFP to the wild-type and mutant versions of
Sec16 and analyzed the cells before and after shifting
for 2 hr to 36.5°C. Sec16-GFP displayed a normal tER
pattern at 36.5°C in the wild-type cells but was dis-
persed at 36.5°C in the sec16 mutant cells (Figure S3),
implying that the GFP tag did not substantially alter the
normal function of wild-type Sec16 or the compromised
function of mutant Sec16. Cellular Sec16-GFP levels at
36.5°C were unaffected by the sec16 mutation (Figure
Current Biology
1442Figure 3. Sec16 Localizes to Sites of COPII-Vesicle Budding But Is
Less Abundant Than a COPII-Coat Protein
(A) Sec16 colocalizes with Sec13 in P. pastoris and S. cerevisiae.
Yeast strains expressing SEC13-CFP together with SEC16-YFP
were fixed for fluorescence and DIC imaging. Bars, 2 m.
(B) The relative concentrations of Sec16 and Sec13 at P. pastoris
tER sites were estimated by quantifying GFP fluorescence. Left:
Sec16 was tagged with either one or two copies of GFP, and the
average cellular fluorescence from tER sites was measured. This
control confirmed that the double-GFP tag yielded about twice as
much fluorescence as the single-GFP tag. Right: the average cellu-
lar fluorescence from tER sites was compared for cells containing
either double-GFP-tagged Sec16 or single-GFP-tagged Sec13. For
the graph, the measured ratio of Sec13-GFP fluorescence to
Sec16-GFP fluorescence was multiplied by two to compensate for
the double-GFP tag on Sec16. Bars represent standard error of
the mean.
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sS3). Thus, the tER fragmentation seen in the sec16 mu-
tant is not due to loss of the Sec16 protein but probably
reflects a reduction in a particular activity of Sec16.
tER Fragmentation Is a Specific Consequence
of Diminished Sec16 Function
Sec16 is essential for ER export [21], so the disruption
of tER sites in the sec16 mutant could be a secondary
effect of inhibiting COPII-vesicle assembly. This con-
cern was addressed with two control experiments.
First, we examined tER sites in a sec16 mutant strain
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nontaining the wild-type SEC13 allele. This strain is via-
le at 36.5°C (see Figure 2A), indicating that COPII-ves-
cle assembly is not severely compromised. Yet the
EC13 sec16 cells showed disruption of tER sites, as
ndicated by the appearance of Sec12-GG in a dis-
ersed pattern that included the general ER (Figure 4A).
In the second control experiment, we inhibited
OPII assembly without mutating Sec16. The approach
as to express a dominant-negative GDP-locked form
f Sar1. In mammalian cells, the dominant-negative
ar1[T39N] mutant protein blocks ER export [29]. We
ntroduced the analogous T34N mutation into P. pas-
oris Sar1 and expressed the SAR1[T34N] gene from
he methanol-inducible AOX1 promoter [30]. Our previ-
us work showed that transferring P. pastoris cells to
ethanol-containing medium gradually induces AOX1-
riven expression [20]. The expression levels are mod-
rate at 4 hr after transfer to methanol and very high at
hr and are similar across the cell population. Con-
istent with those observations, when methanol was
sed to induce expression of SAR1[T34N], cell growth
lowed after 4 hr and stopped entirely after 8 hr (Figure
B), presumably because high levels of Sar1[T34N] in-
ibited COPII-vesicle assembly. After 8 hr of methanol
nduction, in both control and Sar1[T34N]-containing
ells, Sec13-GFP and Sec12-GG colocalized at punc-
ate structures that resembled tER sites (Figure 4C).
hus, high levels of Sar1[T34N] did not cause the delo-
alization of COPII pathway proteins that is seen with
he sec16 mutation. These results indicate that tER site
ragmentation does not merely reflect an inhibition of
OPII-vesicle assembly and that the phenotype of the
ec16 mutant is due to a specific role for Sec16 in tER
rganization.
verproducing Sec16-GFP Leads to Apparent
aturation of tER Sites
possible mechanism for organizing tER sites would
e extended multimerization of Sec16 to create a COPII
inding scaffold. However, this mechanism seems un-
ikely because Sec16 is much less abundant at tER
ites than a COPII-coat protein (see Figure 3B). An al-
ernative possibility is that Sec16 crosslinks patches of
OPII-coat proteins. In an effort to distinguish between
hese models, we overproduced Sec16-GFP. If Sec16
elf-associates to form extended multimers, then over-
roducing Sec16-GFP should create enlarged tER sites,
hereas if Sec16 associates with tER sites by binding
o COPII components, then overproducing Sec16-GFP
hould saturate the existing tER sites.
Because the full-length SEC16 gene is toxic to E. coli,
e used an in vitro method to assemble a construct in
hich SEC16-GFP is under control of the AOX1 pro-
oter (see Supplemental Experimental Procedures).
his construct was introduced into a strain containing
ec13 fused to a monomeric DsRed. After transfer to
ethanol, Sec16-GFP colocalized with Sec13-DsRed
t tER sites (Figure 5). The Sec16-GFP fluorescence
as stronger with the AOX1 promoter than with the en-
ogenous SEC16 promoter. However, when the Sec16-
FP overproduction strain was compared to a control
train, there was no significant change in the size or
umber of tER sites, nor was there a notable increase
Sec16 Influences tER Sites
1443Figure 4. tER Sites Are Disrupted by the
sec16 Mutation But Not by Dominant-Nega-
tive Sar1
(A) SEC13 wild-type and SEC13 sec16 cells
were transformed to introduce the SEC12-
GG allele. The resulting strains were grown
overnight at 36.5°C and then processed for
immunofluorescence to visualize Sec12-GG.
(B) Overproduction of dominant-negative
Sar1[T34N] blocks cell growth. PPY12/SEC13-
GFP cells were transformed with a control
vector or an AOX1 promoter construct en-
coding Sar1[T34N], and the resulting strains
were transformed again to introduce the
SEC12-GG allele. Cultures growing at 30°C
were transferred to methanol, and at the in-
dicated times, aliquots were taken for
OD600 measurements.
(C) Two tER markers show a normal punctate
distribution in cells containing Sar1[T34N].
After 8 hr of methanol induction, aliquots of
the control and Sar1[T34N]-containing cells
described in (B) were processed for immu-
nofluorescence to visualize Sec13-GFP and
Sec12-GG.first examined with the early Golgi marker Och1-myc
Figure 5. Overproduction of Sec16-GFP
Does Not Change tER Site Morphology
A P. pastoris strain containing Sec13-DsRed
was transformed either with an AOX1 pro-
moter construct encoding Sec16-GFP (“Over-
expression Strain”) or with an empty vector
(“Control Strain”). Cultures growing at 30°C
were transferred to methanol for 8 hr to in-
duce expression, and cells were fixed and
visualized by fluorescence and DIC micros-
copy. Bar, 2 m.
type cells grown at either 30°C or 36.5°C and sec16in cytosolic fluorescence (Figure 5). Immunoblotting in-
dicated that the level of Sec16-GFP overproduction
was about 10-fold (data not shown). A plausible inter-
pretation is that tER sites can accommodate a limited
number of Sec16 molecules and that P. pastoris cells
degrade any excess Sec16 molecules. These results
suggest that Sec16 localizes to tER sites by a saturable
association with COPII components.
Golgi Structure Depends on tER Organization
We have proposed that the stacked Golgi structure in
P. pastoris depends on the presence of discrete tER
sites [8]. If so, then disrupting tER sites with the sec16
mutation should alter Golgi structure. We tested this
prediction by examining the Golgi in SEC13 sec16 cells.
At 36.5°C, these cells are viable but have fragmented
tER sites (see Figures 2A and 4A). Golgi structure wasand the late Golgi marker Sec7-GFP [18]. As judged by
immunofluorescence, Och1-myc and Sec7-GFP showed
frequent close association in wild-type cells (Figure 6A),
in agreement with earlier results [8, 18]. By contrast,
sec16 cells had fragmented immunofluorescence pat-
terns for both Och1-myc and Sec7-GFP, and these two
markers no longer showed consistent association (Fig-
ure 6A).
To visualize the P. pastoris Golgi at higher resolution,
we performed thin-section electron microscopy of cells
grown at 36.5°C. Golgi stacks were readily observed
next to tER sites in wild-type cells but not in sec16 cells
(Figure 6B). Instead, the sec16 cells contained mem-
brane structures that resembled fragmented Golgi or-
ganelles (Figure 6B). We quantified these results by de-
fining Golgi profiles as structures in which three or more
adjacent cisternae were visible. By this measure, wild-
Current Biology
1444Figure 6. sec16 Mutant Cells Have Altered
Golgi Structure
(A) Early and late Golgi markers are dissoci-
ated in the sec16 mutant. SEC13 wild-type
and SEC13 sec16 cells expressing OCH1-
myc and SEC7-GFP were grown overnight at
36.5°C and then processed for immunofluo-
rescence to visualize Och1-myc (red) and
Sec7-GFP (green). The panels on the right
show the merged fluorescence images.
Scale bar, 2 m.
(B) Electron microscopy confirms that Golgi
structure is disrupted in the sec16 mutant.
SEC13 wild-type and SEC13 sec16 cells
were grown overnight at 36.5°C and then
processed for thin-section electron micros-
copy. The left panel shows a Golgi stack (ar-
row) next to a tER site in a typical wild-type
cell. The right panel shows a presumptive
Golgi remnant (arrow) in a typical sec16 cell.
N, nucleus. Scale bar, 1 m.
(C) The electron microscopy analysis was
quantified. SEC13 wild-type and SEC13
sec16 cells were grown overnight at 30°C or
36.5°C and then processed for thin-section
electron microscopy. Each sample was ex-
amined to measure the average number of
Golgi profiles visible per cell section. Bars
represent standard error of the mean.cells grown at 30°C all had similar numbers of Golgi
stacks, whereas sec16 cells grown at 36.5°C had no
detectable Golgi stacks (Figure 6C). The combined data
indicate that sec16 cells grown at 36.5°C exhibit not
only tER site fragmentation but also a dramatic change
in Golgi structure.
Discussion
A nascent COPII vesicle defines a membrane subdo-
main [11], and a tER site is a higher-order subdomain
that contains multiple nascent COPII vesicles. S. cere-
visiae apparently makes only COPII-vesicle subdo-
mains, whereas P. pastoris and most other eukaryotes
also make higher-order tER sites [2, 8]. The mecha-
nisms that link these two levels of organization have
been obscure. We originally conjectured that Sec12,
which initiates COPII-vesicle assembly, might also
function in organizing tER sites. However, a detailed
analysis indicated that P. pastoris Sec12 does not itself
organize tER sites but, rather, associates with other tER
components at the cytosolic face of the ER [20].
A candidate for a tER organizing protein is Sar1,
which has been proposed to link cargo selection to tER
site formation [31]. However, Sar1 is unlikely to be a
primary determinant of tER site formation because
S. cerevisiae contains Sar1 but lacks tER sites and be-
cause the dominant-negative Sar1[T34N] protein does
not disrupt tER sites in P. pastoris (Figure 4C). We infer
that Sar1 acts at the level of COPII-vesicle formation
but does not directly control the higher-level organiza-
tion of tER sites. Another protein that has been impli-
cated in tER-site formation is p115 [32]. The previously
described functions of p115 include ER-to-Golgi trans-
port, intra-Golgi transport, and Golgi stacking [33–35],
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f the tER.
To identify components that might play a primary role
n tER organization, we labeled tER sites by fusing GFP
o the COPII-coat protein Sec13 and then isolated a
emperature-sensitive P. pastorismutant that contained
isrupted tER sites at 36.5°C. The mutant phenotypes
ere found to result from a missense mutation in
EC16. This sec16 mutation leads to fragmentation of
he punctate Sec13-GFP pattern as well as dispersal
f Sec12 throughout the ER (Figure 1), suggesting that
ec16 has a general role in tER organization. Previous
ork demonstrated that S. cerevisiae Sec16 interacts
ith multiple COPII components [23, 24], and we find
hat Sec16 colocalizes with Sec13 in both P. pastoris
nd S. cerevisiae (Figure 3A). At this point, an obvious
oncern was that the tER fragmentation seen in the
ec16mutant might be a nonspecific effect of inhibiting
OPII-vesicle assembly. This possibility seems unlikely
or two reasons. First, in cells containing the wild-type
EC13 gene, the sec16 mutation still causes tER dis-
uption at 36.5°C (Figure 4A), but the cells are viable
Figure 2A) and, thus, presumably make COPII vesicles.
econd, when COPII-vesicle assembly is inhibited with
he dominant-negative Sar1[T34N] protein, tER sites re-
ain intact (Figures 4B and 4C). These results suggest
hat the tER fragmentation caused by the sec16 muta-
ion is a specific effect. We conclude that Sec16 is a
rime candidate for a component that links COPII-vesi-
le assembly to the higher-order clustering of COPII
roteins at tER sites.
Given that Sec16 is present in S. cerevisiae, why
oes this yeast lack tER sites? We speculate that
ec16 has multiple functions, not all of which are con-
erved between species. In this view, P. pastoris Sec16
as a tER organizing function that is missing in S. cere-
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1445visiae Sec16. A sequence comparison of these two
Sec16 proteins (Figure 2B) reveals that the N-terminal
regions show very little homology, suggesting that the
N-terminal part of P. pastoris Sec16 might be involved
in generating tER sites.
Other parts of Sec16 probably have more conserved
functions. Yeast Sec16 proteins contain a sequence of
about 420 amino acids that we have termed the
“central conserved domain” (Figure 2B) because re-
lated sequences are found in Sec16 homologs from a
variety of eukaryotes. One likely function of this central
conserved domain is binding to Sec24 and/or Sec31
[23, 24]. In S. cerevisiae Sec16, the four known temper-
ature-sensitive mutations all lie in the central conserved
domain [21], and the P. pastoris Sec16 mutation that
we identified is also in the central conserved domain.
The second region of Sec16 that shows clear conserva-
tion is at the very C terminus (Figure 2B). A large C-ter-
minal segment of S. cerevisiae Sec16 has been found
to interact with Sec23 [21], and our studies of P. pas-
toris Sec16 suggest that the Sec23 binding activity re-
sides in the conserved C-terminal domain (M.E., un-
published data). S. cerevisiae Sec16 was also reported
to interact with the Sec12-related protein Sed4 [22].
Sed4 is unique to S. cerevisiae and closely related spe-
cies [36, 37], and the only homologous protein in
P. pastoris is Sec12, so an attractive possibility is that
P. pastoris Sec16 recruits Sec12 to tER sites. However,
Sec12 recruitment cannot be the only role of Sec16 in
tER organization because delocalizing Sec12 to the
general ER does not disrupt tER sites [20].
How then does Sec16 influence tER morphology?
Answering this question will require understanding the
pathways by which COPII-coat proteins associate with
the ER membrane. One such pathway is recruitment by
Sar1-GTP. Surprisingly, we found that the GDP-locked
Sar1[T34N] protein did not displace COPII-coat pro-
teins from tER sites (Figure 4C), suggesting that addi-
tional Sar1-independent processes might bring COPII-
coat proteins to the ER. This idea fits with emerging
evidence that coat proteins can form membrane bound
patches that are distinct from nascent vesicles [38]. Re-
gardless of how COPII-coat proteins bind to the ER, we
propose that they recruit Sec16, which functions not as
a stoichiometric subunit of the COPII-coat protomer
but rather as a regulator of COPII assembly. This mech-
anism is consistent with the following findings: (1)
Sec16 is dispensable for COPII-vesicle assembly in vi-
tro [39]; (2) P. pastoris Sec16 appears to show a satura-
ble association with tER sites (Figure 5); and (3) P. pas-
toris Sec16 is an order of magnitude less abundant at
tER sites than a COPII-coat protein (Figure 3B). The
combined data support a model in which P. pastoris
Sec16 contributes to tER site formation by causing
patches of COPII-coat proteins to cluster into larger
domains. In this view, S. cerevisiae and P. pastoris use
similar Sar1- and Sec16-dependent mechanisms to as-
semble COPII vesicles at the ER membrane, but only in
P. pastoris does Sec16 perform the additional function
of clustering nascent COPII vesicles at tER sites.
A more specific mechanistic understanding of Sec16
function will require a biochemical analysis. However,
an attractive speculation is that P. pastoris Sec16 might
dimerize, thereby crosslinking patches of COPII-coatFigure 7. Possible Mechanism For the tER Organizing Function of
Sec16
In this diagram, the viewer is looking at the cytosolic surface of the
ER. COPII-coat proteins (orange) are present in patches that may
represent nascent vesicle coats. Sec16 (blue) binds to the coat pro-
teins in a substoichiometric fashion. For convenience, Sec16 is de-
picted at the edges of the coat protein patches. We speculate that
P. pastoris Sec16 self-associates, thereby crosslinking coat protein
patches into clusters that represent tER sites, whereas S. cerevis-
iae Sec16 does not self-associate and therefore fails to crosslink
these patches.proteins (Figure 7). In this scenario, S. cerevisiae Sec16
would not self-associate and therefore would not
crosslink patches of COPII-coat proteins (Figure 7).
This model predicts that tER sites in P. pastoris could
be disrupted by mutating Sec16 either to prevent it
from dimerizing or to prevent it from interacting with
COPII-coat proteins. The mutation that we identified in
the central conserved domain of P. pastoris Sec16 pre-
sumably blocks an interaction with COPII-coat pro-
teins. This interaction is probably necessary for ER ex-
port in all cells, but in P. pastoris, the interaction of the
central conserved domain with COPII components may
also play a structural role in crosslinking the coat pro-
tein patches. Further work will be needed to test these
ideas and to determine which properties of Sec16 con-
tribute to the different types of tER organization seen
in P. pastoris and S. cerevisiae.
In our original analysis of P. pastoris and S. cerevis-
iae, we proposed that Golgi structure in budding yeasts
depends on tER organization [8]. The prediction was
that disrupting tER sites in P. pastoris should produce
a fragmented Golgi. Here, we have confirmed this pre-
diction. When an SEC13 sec16 strain was incubated at
36.5°C, the cells grew robustly but had fragmented
Golgi organelles (Figure 6). If we assume that Sec16
acts exclusively at the tER, these data imply that dis-
rupting tER sites prevents normal biogenesis of the
Golgi.
Although tER sites are necessary for Golgi stacking
in P. pastoris, they are probably not sufficient. Electron
tomography of P. pastoris cells revealed that Golgi cis-
ternae are attached to each other and to tER sites by
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trix is found in higher eukaryotes, and candidate matrix
proteins have been identified in mammals [40]. S. cere-
visiae lacks a discernible Golgi matrix yet contains ho-
mologs of mammalian matrix proteins [41]. We antici-
pate that a molecular analysis of the Golgi matrix will
recapitulate the Sec16 story; i.e., P. pastoris and S. cer-
evisiae will contain homologous matrix proteins, but
differences in the properties of these homologs will de-
termine whether or not the Golgi is stacked.
In sum, our data indicate that clustering of COPII-
coat proteins by Sec16 is likely to be an organizing
principle of tER sites. We hope eventually to identify
the full set of genes that defines the structure of the
tER-Golgi system in P. pastoris and then transplant
these genes into S. cerevisiae to create discrete tER
sites and ordered Golgi stacks. This “in vivo reconstitu-
tion” will provide a unique and powerful way to study
the organization of the secretory pathway.
Experimental Procedures
Molecular Genetic Manipulation of P. pastoris
All P. pastoris strains were derived from the arg4 his4 strains PPY12
and PPY12/SEC13-GFP [9, 17] by using published methods for
transformation and genetic manipulation [20, 30]. Details about
plasmid and strain construction and about the isolation and
screening of temperature-sensitive mutants are given in Supple-
mental Experimental Procedures.
Identification of P. pastoris SEC16 and the dot1 Mutation
The SEC12 and SEC13-GFP genes from the dot1 strain were PCR
amplified from genomic DNA, sequenced directly, and compared
to the known wild-type genes [36]. The S. cerevisiae Sec16 protein
sequence [21] was used to search P. pastoris genomic sequence
data in the Integrated Genomics (Chicago, IL) ERGO database
(http://ergo.integratedgenomics.com/ERGO/) to identify P. pastoris
SEC16. Two contigs were identified with strong homology to S. cer-
evisiae Sec16. Each contig and the region between the two contigs
was PCR amplified from PPY12 and dot1 genomic DNA and se-
quenced directly. Inverse PCR was used to amplify and sequence
the 5# and 3# ends of the gene. DNA sequences were assembled
with Lasergene software from DNASTAR (Madison, WI). The SEC16
sequences from PPY12 and dot1 cells were identical except for a
C-to-T base change at position 3275 of the open reading frame.
RNA was purified from PPY12 cells, and RNA ligase-mediated rapid
amplification of cDNA ends was performed with the GeneRacer
Kit (Invitrogen, Carlsbad, CA) to confirm the position of the SEC16
start codon.
To confirm that P. pastoris SEC16 is essential for viability, we
used the strategy previously developed for SEC12 [20]. Briefly, one
copy of SEC16 in a PPY12 diploid was replaced with S. cerevisiae
ARG4, and after sporulation of the resulting strain, all of the haploid
progeny were arginine auxotrophs.
Complementation and Regeneration of the sec16 Mutation
To complement dot1, we transformed mutant cells with 1.6 g of
pOW1, which is a slightly modified derivative of the ARG4 replicat-
ing plasmid pSG464 [17], and cotransformed with 0.4 g of a 2.2-kb
wild-type SEC16 fragment spanning codon 1092. Transformants
were plated on SD lacking arginine and incubated at 36.5°C. The
sec16-P1092L allele lacks an ScrFI site that is present in wild-type
SEC16, so the transformants were assayed for the presence of the
wild-type or mutant allele by PCR amplification of a relevant geno-
mic DNA fragment followed by ScrFI digestion. This assay indicated
that all of the Arg+ transformants that grew at 36.5°C now contained
the wild-type SEC16 allele. As expected, all of these transformants
also exhibited wild-type Sec13-GFP patterns.
The sec16-P1092L allele was regenerated in the parental strain
by cotransforming PPY12/SEC13-GFP cells with 0.1 g of pOW1
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Rnd 2 g of a 2.2-kb PCR fragment containing the sec16-P1092L
utation. Five hundred thousand Arg+ transformants were
creened as described [42] for inability to grow at 36.5°C. Six tem-
erature-sensitive transformants were obtained. All of these trans-
ormants contained the sec16-P1092L allele as determined by the
crFI test described above, and at 36.5°C, they all showed dis-
upted tER patterns. One of the transformants was grown in rich
PD medium to allow loss of the pOW1 plasmid. This regenerated
ot1 strain was used for the analyses shown in Figure 1 and Fig-
re S1.
luorescence and Electron Microscopy
mmunofluorescence microscopy and fluorescence and DIC im-
ging of fixed cells were performed as described [8]. Digital image
rocessing is described in Supplemental Experimental Procedures.
andpass filters (Chroma, Rockingham, VT) were used to resolve
FP and YFP signals. Anti-myc monoclonal antibody (9E10; Roche,
ndianapolis, IN) and anti-GluGlu monoclonal antibody (Covance,
erkeley, CA) were used at 5 g/ml and 10 g/ml, respectively.
To compare the tER site fluorescence signals from Sec16-GFP
nd Sec16-GFP×2 or from Sec13-GFP and Sec16-GFP×2, we
laced a thin wall of silicone aquarium sealant along the center of
Bioptechs (Butler, PA) T culture dish, and the cells to be com-
ared were immobilized on opposite sides of the dish with conca-
avalin A [9]. Live-cell 4D imaging with a Zeiss LSM 510 confocal
icroscope and quantitation of average projected images with NIH
mage 1.62 (http://rsb.info.nih.gov/nih-image/) were performed
ssentially as described [9]. The imaging parameters were identical
or each of the two samples on the dish. The total tER site fluores-
ence signals were measured for 50 randomly chosen cells to de-
ermine the average cellular tER site fluorescence in a sample.
For electron microscopy, P. pastoris cells were fixed with glutar-
ldehyde followed by potassium permanganate [8]. To quantify the
olgi disruption in the sec16 mutant, we grew SEC13 wild-type and
EC13 sec16 cells overnight at 30°C or 36.5°C before fixation and
hin sectioning. Fields of cell sections were photographed, and 200
ells from each sample were chosen at random with the only selec-
ion criteria being good morphological preservation and a cross-
ectional cell diameter of at least 2 m. The selected cells were
hen examined for the presence of Golgi profiles, which were de-
ined as groups of three or more adjacent cisternae. With wild-type
ells, approximately one cellular cross-section in five contained a
ecognizable Golgi profile, whereas with sec16 cells grown at
6.5°C, no Golgi profiles were seen in any of the micrographs.
upplemental Data
upplemental Data include Supplemental Experimental Procedures
nd three figures and can be found with this article online at http://
ww.current-biology.com/cgi/content/full/15/16/1439/DC1/.
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